The reaction of N,N-diethyl carbamates of 1H- [1, 2,3]triazolo [4,5-b]pyridin-1-ol (4-HOAt) 7, 3H-[1,2,3]triazolo [4,5-b] and 6-nitro-1H-benzo[d][1,2,3]triazol-1-ol (NO2-HOBt) 12 with morpholine and piperidine in CH3CN underwent acyl nucleophilic substitution to give the corresponding carboxamide derivatives. The reactants and products were identified by elemental analysis, IR and NMR. We measured the kinetics of these reactions spectrophotometrically in CH3CN at a range of temperatures. The rates of morpholinolysis and piperidinolysis were found to fit the Hammett equation and correlated with -Hammett values. The values were 1.44 -1.21 for morpholinolysis and 1.95 -1.72 for piperidinolysis depending on the temperature. The Brønsted-type plot was linear with a βlg = −0.49 ± 0.02 and −0.67 ± 0.03. The kinetic data and structure-reactivity relationships indicate that the reaction of 9-12 with amines proceeds by a concerted mechanism. The deviation from linearity of the correlation H # vs. S # and plot of logkpip vs. logkmorph and Brønsted-type correlation indicate that the reactions of amines with carbamates 7 and 8 is attributed to the electronic nature of their leaving groups.
Introduction
It has been proposed that acyl-transfer reactions for carbamates with nucleophiles proceed via either a concerted, a stepwise or a substitution via elimination-addition mechanism, depending on the nature of the nucleophile, the substrate, its leaving group and the solvents involved. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Carbamates are characterized by the lone pair of electrons on N, which can delocalize into the π*orbital of the carbonyl group by an ηN → π* C=O interaction (similar to that reported for ηN → π* C=S interaction). 15 This facilitates the formation of a tetrahedral structure, which can be a transition state in the concerted mechanism or an intermediate in the stepwise one. 15 Scheme 1 shows the possible pathway mechanisms of acyl-transfer reactions of carbamates with amines.
Shawali et al. 13 proposed a stepwise mechanism with ratelimiting breakdown of a tetrahedral intermediate T ± for the reaction of carbamate with amine. The stepwise mechanism (a) could involve two reaction pathways, an overall second-order, k 2 , (uncatalyzed reaction), and an overall third-order, k 3 , (the reaction is catalyzed by the amine). Alternatively, pathway (b) proceeds through a concerted mechanism involving transition state T ± concerted. The last pathway (c), which is possible only when R2 = H, takes place only in non-polar solvents to give the isocyanate intermediate. 14, 16 The linear free-energy relationship (LFER) is one of the most popular probes to determine reaction mechanisms. This relationship informs about the type of electronic effect responsible for acyl-transfer and whether a polar or a charge transfer effect is involved. The sign of reaction constant ρ is invariably positive for stepwise and E1CB mechanism. 17 When the ρ values are larger than 2, the reaction proceeds by E1CB or by a stepwise mechanism in which the acyl-transfer reactions BAC 2 are most likely to occur by rate-limiting expulsion of leaving group anion from T ± (ρ ≈ 6.24 -4.78) 18 i.e. rate-limiting breakdown of a tetrahedral intermediate T ± . When ρ is positive and smaller than 2 (ρ < 2), the reaction is characteristic of a BAC 2 mechanism. It proceeds by a stepwise mechanism in which the rate-limiting step is the formation of the tetrahedral intermediate. 19 However , the simultaneous bond breakage and bond formation of the carbonyl carbon in T ± concerted , Scheme 1, pathway (b) breaks only slightly (if at all) in the transition state. 20 Since the effects of substituent more or less cancel, small ρ values for concerted mechanisms were reported. 18 Based on the poor Hammett correlation, it has been reported that acyl-transfer reactions proceed through an addition intermediate in the rate-determining step.
17,21
To extend our kinetic research on the aminolysis of heterocycle carbamates, 22 here we studied the mechanism of the reaction of secondary alicyclic amines, such as morpholine and piperidine, with N,N-diethyl carbamic acid ester derivatives 7-12. The main goal of this study was to evaluate the effect of leaving groups and the basicity of the amines (morpholine and piperidine) on the kinetics and mechanism of aminolysis. The sign and magnitude of reaction constant ρ 23,24 and the Brønsted coefficient of the leaving group βlg 25,26 were used as mechanistic criteria to gain insight into the concerted or stepwise nature of the process.
Results and Discussion
The choice of the particular series of heterocycle carbamates 7-12 was based on (i) the fact that analogous activated amino acids are specific substrates for peptide synthesis, 27 and (ii) the ease of synthesis of these carbamates from commercially available starting materials.
Here we report the synthesis and aminolysis of N,N-diethyl The active esters 7-12 were readily prepared by reaction of N,N-diethyl carbamoyl chloride with 4-HOAt (1), 7-HOAt (2), HOBt (3), Cl-HOBt (4), CF3-HOBt (5), and NO2-HOBt (6) in CH2Cl2, in the presence of 2 eq. of triethylamine (TEA) at 0 o C, which was further stirred for 3 h at room temperature (Scheme 2). Elemental analysis, IR and NMR spectroscopy confirmed the structure of compounds 7-12.
The IR spectrum of 7, 22 22 The NMR spectra of compounds 7-9 were discussed briefly in our previous study. 22 Compounds 10-12 showed three peaks corresponding to their three aromatic protons. The singlet proton corresponding to H-7 for compounds 10-12 resonated at δ 7.46, 7.79, and 8.44 ppm respectively. The peak at 8.44 ppm of compound 12 appeared as a doublet with coupling constant 1.5 Hz, corresponding to 4 J coupling of H-7 proton with H-5. The doublet peaks at δ 7.32, 7.61, and 8.17 ppm were analogous to H-4 proton for compounds 10, 11 and 12 respectively. The higher deshielded protons of compounds 10, 11 and 12 corresponding to the H-5 protons resonated at 7.93, 8.15, and 8.27 ppm respectively. As expected, the H-5 peak at 8.27 ppm showed a doublet of doublet multiplicity due to its long range coupling with the H-7 proton ( 4 J = 1.5 Hz). The 13 C nmr spectra of 10-12 showed eleven resolved carbon signals. Four in the sp3-carbon region, six in the aromatic carbon region and the carbonyl signal at δ 151.47, 151.40, and 151.19 ppm respectively. On the basis of a previous IR and NMR study, 22 we established the active esters 7-12 to be in the O-rather than the N-form.
The reaction of the aryl carbamate derivatives (7-12) with morpholine or piperidine in CH3CN afforded 19 or 20. These products were also directly synthesized by the reaction of N,Ndiethyl carbamoyl chloride with morpholine or piperidine in CH2Cl2.
The IR and NMR spectra of compound 19 were discussed briefly in our previous work. 22 The IR spectrum of 20 in KBr showed a sharp peak at 1646 cm -1 , corresponding to the C=O group. The 1 H NMR spectrum of 20 in CDCl3 showed one triplet peak at δ 1.05 ppm, corresponding to the two CH3 groups, one singlet peak at δ 1.51 ppm, corresponding to the three -CH2 groups of the piperidine moiety, one multiplet peak range at δ 3.09 -3.14 ppm, corresponding to the two N-CH2 groups of piperidine moiety, and two CH2 groups of the N,N-diethyl moiety.
The reaction of N,N-diethyl carbamates 7-12 with morpholine and piperidine in CH3CN at a range of temperatures (30 - (1)
Amine = Morph or Pip
The second-order rate constants, k2, summarized in Table 1 . Similar values of k2 were obtained by dividing kΨ by the corresponding morpholine or piperidine concentration. This finding indicates that the titled reactions were not catalyzed by the amine.
As expected, the rates were faster for the amine that showed stronger amine nucleophilicity (piperidine) and for the substrate with greatest electron-withdrawing group in the leaving group, thereby indicating that the reaction is a typical nucleophilic substitution, Scheme 1 pathways (a) and (b). As for carbamates 7-12, the rate constant for morpholinolysis was 3-8 fold smaller than that of the piperidinolysis reaction, as shown in Tables 1  and 2 , as the second-order rate constant kAm increases with increasing amine basicity. We propose that the piperidinolysis and morpholinolysis of carbamates 9-12 proceed through the same mechanism, as indicated from the linear plot of log kpip vs. log kmorph at all the temperatures studied (gradient at 30 o C 1.24 ± 0.26, 98%) (Figure 2 ). In contrast, these plots, including carbamates 7 and 8, showed a deviation of these substrates from linearity. This finding could be due to differences in electronic contribution of the triazolopyridine moiety vs. the benzotriazolo one or to a different mechanism. 22 The aminolysis of heterocycle carbamates 7-12 can proceed by the three mechanisms discussed above (Scheme 1), depending on the basicity of the amine, the nature of the leaving group, the solvent used, and the classification of the N atom of the nonleaving group. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The mechanism based on the formation of the isocyanate was ruled out because carbamates 7-12 do not have hydrogen atoms, which are required for the elimination. The BAC 2 mechanism can proceed by a concerted mechanism (Scheme 1, pathway b) or stepwise mechanism in which the ratedetermining step is the formation of a tetrahedral intermediate or amine catalysis or the expulsionof the leaving group (Scheme 1, pathway a) in the rate-determining step. The possibility of the reaction to proceed by amine catalysis was rejected on the grounds that the reaction is second-order. Figure 1 shows the transitions states corresponding to the three plausible mechanisms.
Structure-reactivity relationships have provided useful information to study the reaction mechanism, namely the Hammett correlation. The reactivity differences among the carbamates 7-12 were ascribed only to the electronic effect of the R-substituents, since the steric effect of the substituent can be ruled out. This is because the R-substituents are placed too far away from the carbonyl carbon to provide a significant shielding effect. The rate of reaction was increased by the presence of electronwithdrawing substituents as well as the electron-withdrawing effect of the aza atom in the fused aromatic ring of the leaving group moiety.
The electronic effect of the substituents in the leaving group moiety can be quantified by the use of a Hammett equation (3), 28 in which k is the rate constant for the reaction of the substrate series with a given substituent, k0, is the rate constant for the reaction of the parent compound 9, with R = H, σ is the substituent constant and ρ is the reaction constant. log k = ρσ + log k0
The value of ρ is a measure of the susceptibility of the rate constant for a given mechanism of a given reaction type to the influence of substituents. 23, 24 Reactions with positive ρ values are aided by electron withdrawal from the aromatic ring and vice versa for reactions with negative ρ values. Tables 1 and 2 reveal that rate data of 9-12 with substitution at the meta-like position fitted the Hammett equation. 28 Accordingly, we propose that inductive effects of the R-substituents account for the reactivity of the carbamates 9-12 towards morpholinolysis. To facilitate the interpretation of the rate data, the Hammett polar substituent parameter σ of the R-substituent may be useful. In addition, piperidinolysis of carbamates 9-12 was found to fit the Hammett equation i.e. reactivity was governed by polar effects in a fashion similar to morpholinolysis.
Furthermore, ρ values were 1.44 -1.21 for morpholinolysis and 1.95-1.72 for piperidinolysis (Table 1 , 2). The greater ρ values for piperidinolysis compared to that for morpholinolysis indicate that carbamates 9-12 are relatively more susceptible to the latter process. This is because of the higher basicity of piperidine (pka = 18.8) than morpholine (pka = 16.0 ) in MeCN. 29a The increased basicity of amines is responsible for their enhanced reactivity in MeCN. 29b This observation indicates that morpholinolysis, like piperidinolysis, proceeds by a mechanism in which the development of the leaving group anion is well advanced in the transition state, i.e. the increase in the positive ρ values are attributed to the greater bond cleavage in the expulsion of the leaving groups from the transition state T ± . This concept of mechanism is in agreement with the ρ values reported in the literature for the reaction with an N,N-disubstituted aryl carbamates and an aryl ester.
21,23,24
The Brønsted-type plots for the reaction of carbamates 9-12 with morpholine and piperidine were linear with slopes, βlg −0.49 ± 0.02, and βlg −0.67 ± 0.03 respectively (Figure 3) . The rate enhancement found with 6-NO2-HOBt 12 relative to 4-HOAt 7 relative to 6-CF3-HOBt 11 relative to 6-Cl-HOBt 10 to 7-HOAt 8 and to HOBt analogs 9 was in harmony with the order of pK a values of the liberated leaving groups 29 (Tables 1  and 2 ). The pKa values of the liberated leaving groups are shown in Table 3 . Accordingly, the rate enhancement is consistent with increasing the stability of the leaving group anion liberated.
We suggest that the mechanism for the reactions of compounds 9-13 proceeds via a concerted mechanism. This suggestion is based on the following reasons (i) it is well known that Hammett ρ values increases ca. 2.4 times upon solvent change from water to MeCN, 31 (ii) the ρvalues were reported to be 6.07 and 6.24 for the aminolysis of aryl benzoates and acetates respectively in MeCN which was concluded to proceed through a stepwise mechanism with the departure of the leaving group being the RDS. 18 While ρ = 3.54 for piperidinolysis of aryl benzoates in MeCN, was reported to proceed through a concerted mechanism.
23b Thus, the ρ values of 1.44 -1.21 or 1.95 -1.72 for the titled reaction with morpholine and piperidine respectively are too small for a reaction proceeding by two step mechanism and is in agreement with a concerted one. This mechanism concept is reinforced by the Bronsted β lg values of −0.49 and −0.67 for the reaction of compounds 7-12 with piperidine and morpholine respectively, which is also too small for reversible formation of a tetrahedral addition intermediate followed by collapsing of the intermediate, but is typical for reactions, which proceed through a concerted mechanism.
The small ρ values can be explained by the responding to changes in the substituent on the leaving group. Such substituent can alter the partial positive charge on the carbonyl carbon and hence perturb the rate of bond formation between carbon and nucleophile. The effect on the aminolysis rates should be appreciable particularly since the anionic oxygen is poorly solvated in aprotic media. Therefore, the simultaneous bond breakage and bond formation of the carbonyl carbon in Figure 4 accord with the small ρ values for acyl-substituted esters (Tables 1 and  2 ).
The plots of ∆H # vs. ∆S # values for the reactions of 9-12 with piperidine and morpholine gave straight lines with isokinetic temperatures 186 o C and 212 o C respectively (the temperature at which substituent effect is supposed to be reversed). These values were far from the temperatures used in the kinetic runs. Furthermore, the mechanism for the reaction series was common for all members and amines, as indicated by the linearity of the plots of log kpip against log kmorph (Figure 2) .
The low activation parameters ∆S # and ∆H # (Table 1 and 2) for the reactions of 9-12 with morpholine and piperidine were also in line with the proposed concerted mechanism through the cyclic transition state, Figure 4 . 32 An attempt to correlate ∆H # vs. ∆S # for the reaction of 7-12 with morpholine and piperidine showed deviation for the 7 and 8 isomers. This deviation from linearity, in addition to their deviation in the plot of log kpip vs. log kmorph (discussed previously), is presumably due to the difference in the nature of the leaving group. Alternatively, these deviations could be due to differences in electronic contributions of the triazolo-pyridine moiety vs. the benzo-triazolo one and not necessarily to a distinct mechanism. This consists with the formation of the cyclic transition state, Figure 4 , which is in agreement with that reported earlier, 22 due to the presence of good leaving groups.
Conclusions
The aminolysis of heterocycle carbamates 7-12 proceeds either by a concerted mechanism or by a stepwise mechanism, depending on the nature of the leaving group. The neighboring group effect is not relevant in these systems, which gives a clear picture of the reactivity of the different additives in peptide synthesis in terms of racemization and leaving ability. The aminolysis of carbamates 9-12 with amines in acetonitrile proceeds by a concerted mechanism. The proposed mechanism is supported by the low negative βlg value adherence to the RSR, and the low activation parameters. However, the deviation of 7 and 8 from all correlations studied is presumably due to the electronic nature of the leaving group and not to a different mechanism.
Experimental Section
Materials. The solvents used for kinetic runs were of reagent grade (BDH) and further purifications were carried out. CH3CN was used after distillation from anhydrous K2CO3. Morpholine (99%) and piperidine (98%) were used after distillation. Melting points were determined with a Mel-Temp apparatus and are uncorrected. Magnetic resonance spectra ( 1 H NMR and 13 C NMR spectra) were recorded on a Joel 500 MHz spectrometer with chemical shift values reported in δ units (part per million) relative to an internal standard. Infrared (IR) data were obtained on a Perkin-Elmer 1600 series Fourier transform instrument as KBr pellets. Ultraviolet (UV) data were recorded on a SHI-MADZU (UV-160A) UV-Visible recording spectrophotometer. Elemental analyses were performed on Perkin-Elmer 2400 elemental analyzer, and the values found were within ±0.3% of the theoretical values. Follow-up of the reactions and checks of the purity of the compounds was doneby TLC on silica gel-protected aluminum sheets (Type 60 GF254, Merck) and the spots were detected by exposure to UV-lamp at λ 254 nm for a few seconds. The compounds were named using Chem. Draw Ultra version 10, Cambridge soft Corporation.
General procedure for the preparation of N,N-diethyl-carbamic acid ester derivatives. N,N-Diethyl carbamoyl chloride (10 mmol) was added to a mixture of HOBt derivatives [1] [2] [3] [4] [5] [6] , (10 mmol)] and Et 3 N (2.8 mL, 20 mmol) at 0 o C in CH 2 Cl 2 (5 mL). Then the reaction mixture was stirred for 3 h at room temperature. The reaction mixture was diluted with CH2Cl2 (80 mL), and the mixture was washed with saturated NaHCO3 (2 × 10 mL), saturated NaCl (2 × 10 mL) and H2O (2 × 10 mL). The organic layer was dried over anhydrous Na2SO4 and filtered and the solvent was removed in vacuum. The crude product was purified by column chromatography (EtOAc/hexane, 1 : 2) or recrystallized from benzene/petroleum ether. The physical and spectra data of the compounds are given below. 22 N,N-Diethyl carbamoyl chloride (2.6 mL, 20 mmol) was added to a solution of morpholine (3.5 mL, 40 mmol) dissolved in 5 mL CH 2 Cl 2 at 0 o C. The reaction mixture was stirred for 3 h at room temperature. The reaction mixture was diluted with 80 mL CH2Cl2, then washed with saturated sodium NaHCO 3 (2 × 10 mL), saturated NaCl (2 × 10 mL) and H2O (2 × 10 mL). The organic layer was dried over anhydrous Na2SO4 and filtered and the solvent was removed in vacuum. The crude product was purified by column chromatography (EtOAc/hexane, 1 : 2) to give a colorless oily product, 85 % yield. IR (KBr): 1638 (C=O) cm C. The reaction mixture was stirred for 3 h at room temperature. The reaction mixture was diluted with 80 mL CH2Cl2, then washed with saturated sodium NaHCO 3 (2 × 10 mL), saturated NaCl solution (2 × 10 mL) and H2O (2 × 10 mL). The organic layer was dried over anhydrous Na2SO4 and filtered and the solvent was removed in vacuum. The crude product was purified by column chromatography (EtOAc/hexane, 1 : 2) to give a colorless oily product, 94% yield. IR (KBr): 1646 (C=O) cm ) were used. The pseudofirst-order rate constants K Ψ were estimated by applying Eq. (4). log(At -A∞) = + log (A0 -A∞)
Where A0, At and A∞ are the values of absorbance at zero time, time t, and at the end of the reaction, respectively. The A∞ for each run was taken as the experimentally determined values, and kΨ is the pseudo-first-order rate constant.
